Existing measurements of the angular distributions of the ground-state to ground-state transitions of the 12 C͑d , p͒ 13 C and 13 C͑p , d͒ 12 C neutron-transfer reactions have been analyzed systematically using the JohnsonSoper adiabatic and distorted-wave theories. When using a consistent set of physical inputs the deduced spectroscopic factors are consistent to within 15% for incident deuteron energies from 12 to 60 MeV. By contrast, original analyses of many of these data quoted spectroscopic factors that differed by up to a factor of 5. The present analysis provides an important reference point from which to assess the requirements of future spectroscopic analyses of transfer reactions measured in inverse kinematics using rare nuclei. -6]. The overlap integral between the wave function of one state in nucleus A and another in B defines the theoretical spectroscopic factor for transfer between these states [5, 6] . The ratio of the corresponding measured cross section divided by the cross section calculated for unit spectroscopic factor provides its experimental counterpart.
The ordering and occupancies of the single nucleon orbits influences the energies and angular momenta of low-lying quantum states of nuclei [1, 2] , as well as their decays and production rates in nuclear experiments and stellar environments [3] . Single-nucleon transfer reactions, such as d +A⇒ p + B and p +B⇒ d + A, probe the wave functions of the transferred nucleon [1] [2] [3] [4] [5] [6] . The overlap integral between the wave function of one state in nucleus A and another in B defines the theoretical spectroscopic factor for transfer between these states [5, 6] . The ratio of the corresponding measured cross section divided by the cross section calculated for unit spectroscopic factor provides its experimental counterpart.
Spectroscopic information about the valence orbitals for unstable nuclei far from the valley of beta stability may lead to novel and surprising properties for the corresponding unstable nuclear states [7, 8] . Single-nucleon transfer and knockout experiments in inverse kinematics with rare nuclei as projectiles, provide the optimal way to study neutron-and proton-rich nuclei and their single-particle states [3, [9] [10] [11] [12] . However, it is critical to understand the limitations of transfer reaction theories used to extract spectroscopic factors and to develop strategies to overcome them. Because data with rare isotope beams are limited, re-examining abundant and precise measurements made with light-ion beams such as 12 C and 13 C, may better test the consistency of such analyses. Table I lists the past measurements of 12 C͑d , p͒ 13 C͑g.s.͒ reaction at incident energy above 4 MeV and its inverse reaction, 13 C͑p , d͒ 12 C͑g.s.͒ . Figure 1 shows the published spectroscopic factors (SF) of the p 1/2 neutron coupled to the 12 C as a function of the equivalent incident deuteron energy up to 70 MeV. The extracted values from 12 C͑d , p͒ 13 C͑g.s.͒ (closed points) and 13 C͑p , d͒ 12 C͑g.s.͒ (open points) reactions fluctuate from 0.3 to 1.4 with no evident correlation with incident energy. In some analysis, multiple values were deduced from different optical model parameter sets or different theories; the higher values are shown for those cases as squares in Fig. 1 . The dashed line marks the theoretical prediction ͑0.62͒ of the Cohen and Kurath shell model calculation [39] .
Large uncertainties have been associated with the extraction of spectroscopic factors from the ͑p , d͒ and ͑d , p͒ transfer reactions [40] . Using consistency checks between inverse reactions involving sd-shell nuclei, for example, Endt [40] extracted an error of about 50% for individual spectroscopic factors from ͑p , d͒ and ͑d , p͒ reactions. Such large uncertainties make it difficult to extract consistently meaningful empirical spectroscopic factors that can be compared to theoretical values.
The sensitivity of calculations to the optical model potentials assumed in the entrance and exit channels constitutes the most significant problem in the extraction of spectroscopic factors from DWBA analyses of transfer reactions [5] . The deduced spectroscopic factors are dependent on these choices; thus, many have measured elastic scattering data at the entrance and exit energies to fix the optical model parameters. Such data may be difficult to obtain at the desired energy. Moreover, their use may introduce spurious energy dependences stemming from detailed coupled-channel or compound resonance effects. Our analyses minimize the need for such data and show that superior results can be achieved by the consistent use of reasonable global optical potentials.
In the following, we use phenomenological global nucleon optical potentials [41] [42] [43] [44] [45] [46] and potentials based on microscopic methods, such as the Jeukenne-Lejeune-Mahaux (JLM) effective nucleon-nucleon interaction [47, 48] . To assess the systematic uncertainties associated with the extraction of spectroscopic factors, we analyze the angular distributions of the differential cross section of the 12 C͑d , p͒ 13 C͑g.s.͒ reaction and of its inverse, a wide range of incident energies from 12 to 60 MeV. The remaining variations in the spectroscopic factor may partly stem from uncertainties in the measured differential cross sections. First, we focus on the 12 C͑d , p͒ angular distributions, shown in Fig. 2 , that have been measured at incident energies ranging from 7 MeV to 56 MeV. Each distribution is offset by factors of 10 from the neighboring distributions for ease of presentation, the overall normalization factor being unity for the 19.6 MeV angular distribution. The spectroscopic factor is extracted by fitting the theory to the data at the first peak in the angular distribution, since the backward angle data are more sensitive to the effects of inelastic couplings and other higher-order effects. To be consistent, the spectroscopic factors are extracted by minimizing 2 , including only angular points that are (i) within 30% of the predicted maximum yield and (ii) at c.m. Ͻ 30°. A similar analysis is also performed on data from the inverse reaction of 13 C͑p , d͒ 12 C͑g.s.͒ for proton incident energies ranging from 35 to 65 MeV [35] [36] [37] [38] .
Our calculations analyze all data sets in a consistent way and use a modified version of the code TWOFNR [49] . All calculations make the local energy approximation (LEA) for finite range effects [50] using the zero-range strength ͑D 0 ͒ and range ͑␤͒ parameters of the Reid soft-core 3 S 1 -3 D 1 neutron-proton interaction [51] . The 1p 1/2 neutron binding potential had radius parameter 1.25 fm and diffuseness 0.65 fm; variations of 5% in the radius and diffuseness caused 5% and 3% variations in the extracted spectroscopic factors, respectively. The depth of the potential is normalized to the experimental binding energy. For simplicity, no spinorbit coupling is included in the calculations. Inclusion of the spin-orbit potential increases the spectroscopic factors by about 6 -8 %. Nonlocality corrections [52] with range parameters of 0.85 and 0.54 are included in the proton and deuteron channels, respectively.
We calculate the transfer cross sections within the Johnson-Soper (JS) adiabatic approximation to the neutron, proton, and target three-body system [53] , which includes the effects of break up of the deuteron in the field of the target, and requires only a specification of the nucleon-target interactions. The exact ͑d , p͒ and ͑p , d͒ transfer reaction amplitudes require knowledge of the adiabatic three-body wave function only at small neutron-proton separations. There, the adiabatic distorting potential governing the center-of-mass motion of the deuteron is well described by the sum of the neutron-and proton-target optical potentials [53] . It is important to stress that this adiabatic distorting potential generates the three-body wave function in that limited region of configuration space needed to evaluate the transfer amplitude. It does not describe deuteron elastic scattering at the beam energy. We first perform ͑d , p͒ calculations where both the exit channel proton potential and the entrance channel JS adiabatic potential use the JLM nucleon-target optical potentials [54] . These are calculated by folding the density-dependent JLM nucleon-nucleon effective interaction [47, 48] , assumed to have a Gaussian form factor of range 1 fm [55] , with the assumed target matter density in the midpoint local-density approximation [55] . The matter density distributions for both 12 C and 13 C are evaluated assuming the modified oscillator density parameters (␣ = 1.247, a = 1.649 fm for 12 C; ␣ = 1.403, a = 1.635 fm for 13 C) compiled in Ref. [56] . The corresponding root-mean-square (rms) charge radii are 2.46 fm and 2.44 fm for 12 C and 13 C, respectively. The real and imaginary parts of the calculated nucleon optical potentials were scaled by multiplicative factors v = 1.0 and w = 0.8, obtained from a systematic study of light nuclei [54] .
The calculated angular distributions normalized by the extracted spectroscopic factors are shown as solid lines in Fig.  2 . The associated spectroscopic factors, shown at the bottom of Fig. 3 , include reanalyses of the data in Fig. 1 (closed circles) [17, 22, 23, [27] [28] [29] 31, 33] and of additional data sets (closed squares) [18, 20, 21, 26, 28] . Above 35 MeV, we supplement the limited ͑d , p͒ data with 13 C͑p , d͒ data [35] [36] [37] [38] denoted by the open symbols in Figs. 1 and 3 . We did not analyze data at E d =28 [30] and 56 MeV [34] , and at E p = 65 MeV [38] because those angular distributions did not include the first peak.
The rise of the spectroscopic factors with decreasing energy below 12 MeV shown in Fig. 3 has been observed before [23] and has been attributed to the effect of resonance structures in the elastic scattering of deuterons [57] and the 12 C͑d , p͒ reactions [58] . Excluding measurements affected by compound nucleus formation and resonances, the spectroscopic factors deduced for E d = 12-60 MeV provide an average spectroscopic factor of 0.61± 0.09. In contrast, the published values in Fig. 1 vary from 0.3 to 1.5. Our consistent, theoretically motivated analyses reduce the fluctuations substantially. If we examine the spread of the measurements for overlapping sets of data at E d ϳ 4.5, 12, and 15 MeV, it is clear that the measured angular distributions do not agree to better than 20%. Thus the uncertainties of the spectroscopic factors mainly come from the experimental measurements.
To assess the stability of the above adiabatic three-body model calculations, we have repeated these analyses while replacing the JLM nucleon optical potentials everywhere by the Chapel-Hill (CH) [43] global potential set. The spectroscopic factors are shown in the center of Fig. 3 . Overall, the values are quite similar, but are consistently somewhat higher. The average spectroscopic factor is 0.75± 0.10. It (Color online) Spectroscopic factors for 12 C͑d , p͒ 13 C͑g.s.͒ and 13 C͑p , d͒ 12 C͑g.s.͒ reactions extracted from the literature (see Table I ). Table I . should be noted that light nuclei were not included in the database for the CH potential evaluation. A consistent use of alternative global nucleon potentials, such as that of Becchetti and Greenlees [44] leads to very similar results.
For a final comparison, we also analyzed the full data set within the DWBA formalism, neglecting the role of deuteron break-up channels. To remove energy-dependent optical potential ambiguity, we used the CH and Daehnick [45] global potentials for the proton and deuteron channels, respectively. The calculated angular distributions normalized by the spectroscopic factors are shown by the dashed curves in Fig. 2 and the deduced spectroscopic factors are plotted at the top of Fig. 3 . The average value is 0.87± 0.19. For the higher energies, the values are larger. Comparisons with the JS adiabatic calculations suggest that neglect of the break-up channel within the DWBA may be a significant contributing factor at these higher energies.
In summary, published analyses of angular distributions for the 12 C͑d , p͒ 13 C͑g.s.͒ and 13 C͑p , d͒ 12 C͑g.s.͒ reactions display considerable variations in the extracted spectroscopic factors. Using consistent optical potential parametrizations and fitting the first maximum in the angular distributions provide spectroscopic factors that are consistent to within 15% for E d = 12-60 MeV. This energy range spans the optimum angular and linear momentum matching conditions for ͑d , p͒ and ͑p , d͒ transfer reaction studies. The use of global optical potentials or the JLM potential parametrization results in consistent values for the spectroscopic factor at each energy; the absolute values depend somewhat on the choice of potentials used but the values are close to the theoretical values suggesting that the input parameters we use in the distorted wave theory calculations are reasonable.
The global parametrization of the optical model potentials requires the minimum input parameter choice and may be advantageous where it is not important to extract the absolute spectroscopic factors. These global parametrizations, however, are fitted only to data from stable nuclei. In neutron and proton-rich regions of the nuclear chart, the use of microscopic optical potentials like the JLM, but folded with Hartree-Fock matter densities for the relevant nuclei may offer a more realistic alternative. The current analysis of 12 C͑d , p͒ 13 C and 13 C͑p , d͒ 12 C reactions provide a reference point in the p-shell nuclei to which relative spectroscopic factors can be measured. The input parameters, summarized in Table II , should be applicable to other systems. Future studies of different systems are needed to guide the broadly based programs to investigate the single particle structure of rare isotopes with the operation of current and future intense rare isotope facilities. 
